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Abstract 

/3-decay properties of neutron-rich Ca isotopes have been obtained. Half-hfe values were deter- 
mined for the first time for ^^Ca (86 ± 7 ms), ^^Ca (22 ± 2 ms), and ^^Ca (11 it 2 ms). The half-hfe 
of 230 lb 60 ms deduced for ^^Ca is significantly longer than reported previously, where the decay 
chain ^^K ^^Ca ^^Sc was considered. A delayed 7 ray with energy 247 keV was identified 
following P decay of ^^Ca, and is proposed to depopulate the 1^ level in ^^Sc. The /?-decay prop- 
erties compare favorably with the results of shell model calculations completed in the full pf -space 
with the GXPFl interaction. The half-lives of the neutron-rich Ca isotopes are also compared with 
gross /3-decay theory. The systematic trend of the neutron-rich Ca half-lives is consistent with the 
presence of a subshell gap at A'' = 32. 
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INTRODUCTION 



The appearance of added stability in atomic nuclei at certain nucleon numbers prompted 
the development of the nuclear shell model. The robustness of the magic numbers at 2, 8, 
20, 28, 50, 82, and 126 has been well demonstrated for nuclei near the valley of (3 stability. 
However, only limited data are available for /5-unstable nuclei with magic numbers of protons 
and/or neutrons. In several instances, the observed properties of such radioactive nuclei are 
not consistent with predictions assuming stabilized proton and/or neutron cores. As exam- 

20 jj], the appearance of an island of inversion around ^^Mg2o 



es, the non-existence of o^O 



, y] and suspected collectivity at 28^128 



ppeai 

m 



all call to question a simple extrapolation of 
the known magic numbers to the drip-lines of the nuclear chart. 

The Ca isotopes have a closed-shell number of protons {Z = 20) and have been well 
studied in the range of the doubly-magic nuclei '^°Ca2o and ^^Ca28, where neutrons fill the 
1/7/2 orbital. Beyond doubly-magic ^^Ca, neutrons begin filling the upper pf shell. Neutron 
transfer data [sl, Q, [s] are available for levels in '^^Ca29, and the deduced spectroscopic factors 
signify energy gaps between the adjacent 2^3/2, 2pi/2, and I/5/2 single-particle orbitals. Such 
gaps suggest added stability for the Ca isotopes with = 32 and N = 34. Indeed, a 
subshell closure at = 32 for ^^Ca 0, 0, ^^Ti 11], and ^^Cr Q has been inferred from 



the systematic variation of first-excited 2+ states in the even-even isotopes of these elements 



Ti 
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as a function of neutron number. The yrast structures of the even-even Cr [l^j, [l^ and 



15| isotopes at higher spins also show irregular energy spacings at A^ = 32 that 



can be understood if a significant gap in neutron single-particle states between 1^^3/2 and 
i'Pi/2, ^f5/2 exists. Additional support for the apparent shell gap at A^ = 32 is found in 
the small B{E2 : 0+ ^ 2+) values measured for ^^Ti32 [3] and ^^Cr32 [l^]- No substantial 
experimental evidence for an expected [18 [subshell closure at A^ = 34 has been found to 

19| and Ti [20t| isotopes show a decrease in energy of the 2^ 



date, as the even-even Cr 
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level when moving from A^ = 32 to A^ = 34. 

Little data are available on the structures of the neutron- rich Ca isotopes beyond ^^Ca32. 
Knowledge of existence has only been extended to ^^Casg |21j. The heaviest Ca isotope 
where structure and half-life information is available is ^^Ca. The /3-decay half-life of ^^Ca 



was deduced to be 90 ± 15 ms 



22|. In that study, ^^Ca was produced from the decay of ^^K, 



which was made directly by fragmentation of an Ir target by light ions, and extracted from an 
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ion source. The mass-separated sample was studied via /^-delayed neutron spectroscopy. A 
two-component decay curve was observed, and the component with the longer decay constant 
was attributed to the daughter ^^Ca decay. A delayed neutron branch of (40 ± 10)% was 
obtained for ^^Ca. A subsequent /3-decay study of ^^K [23] revealed a single bound state 
at 2.2 MeV above the ^^Ca ground state. Significant neutron branching was also observed 
for the decay of ^^K, but no additional information on the /3-decay properties of the ^^Ca 
daughter was reported in Ref. j23| . 

We report results of /^-delayed 7-ray spectroscopic measurements of ^^~^^Ca to examine 
the robustness of the Z = 20 proton shell closure for very neutron-rich Ca isotopes. The 
half-lives of ^^~^^Ca were determined for the first time, and a longer half-life value was 
deduced for ^^Ca. The systematic trend in half-life values for the neutron-rich Ca isotopes 
is compared to predictions from gross (3 decay and shell model calculations completed in the 
full p/-shell model basis. 



EXPERIMENTAL METHODS 



Neutron-rich Ca nuclei were produced by fragmentation of a 140 MeV/nucleon ^^Ge 
beam at National Superconducting Cyclotron Laboratory at Michigan State University. 
The primary beam was incident on a 352 mg/cm^ Be target at the object position of the 
A1900 fragment separator 24]- Two independent settings of the A1900 separator were used 
to separate the desired isotopes from unwanted reaction products. The first setting was 
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optimized for production of K with magnetic rigidities Bpi = 4.4030 Tm and Bp 
4.1339 Tm, and included ^^'^^Ca. The second A1900 setting with Bpi = 4.3867 Tm and 
Bp2 = 4.1339 Tm was chosen to center the production of ^^Ca at the A1900 focal plane 
without changing the tune of the second half of the spectrometer (and the downstream beam 
transport magnets). The particle identification spectra collected at the experimental end 
station for both A1900 settings are presented in Fig.[TJ The full momentum acceptance of the 
A1900 (~ 5%) was used for fragment collection. An Al wedge of thickness 300 mg/cm^ was 
placed at the intermediate momentum-dispersive image to provide differential energy loss 
to fragments of differing Z traversing the spectrometer. A thin plastic scintillator detector 
was also placed near this position, and position information deduced from this detector was 
used to correct the fragment time of flight. 
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FIG. 1: (Color online) Particle identification spectra for A1900 spectrometer settings where (a) 
^^K and (b) ^^Ca were centered in the dispersive plane at the final focus of the device. The energy 
loss measurement is from the most upstream Si PIN detector of the Beta Counting System with 
thickness 991 fim. 



The experimental end station consisted of detectors from the Beta Counting System [25 1 
and the Segmented Germanium Array 261]. The fragments transported from the A1900 
to the experimental end station first encountered a stack of three Si PIN detectors with 
thicknesses 991, 997, and 309 fim. These detectors provided energy loss information on the 
incoming beam, critical for particle identification. The timing signal from the most upstream 
Si PIN was used in conjunction with the cyclotron radiofrequency to deduce fragment time 
of flight information. The Si PIN stack was followed by a Si double-sided multistrip detector 
(DSSD) and six Si single-sided multistrip detectors (SSSDs). The DSSD had thickness 979 
Hm and was segmented into 40 strips on both front and back, for a total of 1600 pixels. The 



SSSDs had nominal thicknesses of 1 mm and were segmented into 16 strips. The SSSDs 
strip orientation alternated between horizontal and vertical (relative to ground) for each 
successive detector to provide two-dimensional position information for particles moving 

downstream of the DSSD. The majority of fragments were stopped in either the DSSD or 
the most upstream SSSD; a consequence of the large momentum acceptance of the A1900 
separator. 

Sixteen detectors from the Segmented Germanium Array were arranged in two concentric 
rings around the vacuum beam line surrounding the Si detectors of the Beta Counting 
System. The 7-ray peak detection efficiency was 20% at 100 keV and 7% at 1 MeV. The 

energy resolution of each Ge detector in the array was ~ 3.5 keV for the 1.3 MeV 7-ray 
transition in ^°Co. 

The master trigger for event readout was determined by a logical OR of any of the 
following three conditions: 1) signal above threshold in any of the 16 strips of the most 
upstream SSSD; 2) signal above threshold in any of the 40 front strips AND any of the 40 
back strips of the DSSD; 3) signal above threshold in the most upstream Si PIN detector 
(used for prompt 7-ray detection). 7 rays detected within 15 /xs of a master trigger were 
recorded into the event stream. The long gating time for 7 rays enabled identification of 
potential microsecond isomers populated either in the fragmentation process or following (3 
decay. Each event was tagged with an absolute time stamp based on a 50 MHz oscillator that 
was input to a 32-bit free-running scaler. Details of an implantation event, including energy 
loss and time-of-flight information required for particle identification, were stored in a two- 
dimensional array with indices based on pixel location. Correlations with the energy-loss 
signal from /9-decay electrons detected in the DSSD were then processed, based on temporal 
and position information. Position correlations were restricted to /5-decay electrons that 
emanated from the same pixel or one of the surrounding eight pixels of an implantation. 
Time correlations had two defined limits: a maximum time for a single /3-decay event for 
a given implantation event and a minimum time for back-to-back implantation events into 
the same pixel. The details of the implantation event were cleared from the two-dimensional 
array when these defined limits were not satisfied. The results presented in the next section 
were obtained with a maximum correlation time of 1 s and a minimum time for back-to-back 
implantations of 1 s. 
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RESULTS 



The decay curves for ^^~^^Ca are given in Fig. [2l The half-hfe of each nuchde was deduced 
by fitting the decay curves to a function that considered exponential decay of the parent, 
exponential growth and decay of the daughter, and constant background. Decay information 
on the daughter nuclide was taken from the literature, with additional details provided in 
the following subsections. Table [T] summarizes the half-life results for ^^~^^Ca. 
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FIG. 2: (Color online) Decay curves for: (a) ^^Ca; (b) ^^Ca; (c) ^^Ca; and (d) ^^Ca. The fitting 
function (solid black line) considered contributions from parent exponential decay (dotted line), 
daughter exponential growth and decay (dashed line), and a flat background (solid gray line). The 
only fitted curve that resulted in a non- negligible value for the background term was that for ^^Ca. 
Additional details regarding the fitting procedure used to extract half-life values are provided in 
the text. 
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TABLE I: Correlation statistics and half-lives deduced for the neutron-rich ^^Ca isotopes. 



No. Parent Nuclei 



Ti/2 (ms) 



Nuclide 


Implanted 


Correlated 


This Work 


Previous 


53Ca 


209 


32 


230 ± 60 


90 ± 15 


54Ca 


654 


136 


86 ±7 




55 Ca 


246 


52 


22 ±2 




56 Ca 


99 


18 


11 ±2 





"Ref. [22 1 



The spectra of 7 rays correlated with the (3 decays of 5^-56 presented in Fig. [3l 
5^Ca is the only nuclide where a delayed 7 ray is assigned to the parent [3 decay. No evidence 
for isomeric 7-ray emission within 15 /^s of an implantation was found for the neutron-rich 
53^56Qg^ isotopes. 

More detailed discussions are included below on the results for each isotope. 



53 



Ca 



The half-life of ^^Ca reported here, T1/2 = 230 ± 60 ms, is significantly longer than the 
value 90 ± 15 ms reported in Ref. |22|. The previous half-life value was deduced following 
the decay chain ^^K. ^^Ca, ^^^c, where ^^K. was directly produced by proton spallation 
of an Ir target and only (3 particles in coincidence with delayed neutrons were recorded. In 
that work, data collected in the range 300 to 700 ms were fitted with a single exponential 
decay, assuming contributions from neither the parent nor the grand-daughter over this time 
range. These assumptions are reasonable considering the short half-life of 53k, 30 ± 5 ms 
22|, and the unknown, but expected long (> 3 s) half-life of 53Sc [2^]. The decay curve 
presented in Fig. [2] considers only direct production of ^^Ca,^ with no ambiguity regarding 
the fit to a convoluted spectrum involving both parent and daughter decays. 

In the present work, the decay curve derived from /3-delayed neutron events, presented in 



Fig. 2 of Ref. 



22l | , was refitted with a function based on the Batemann equations, where the 



parent exponential decay and daughter exponential growth and decay were considered. The 
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FIG. 3: 7-ray spectrum in the range 50 to 1600 keV correlated with /3-decay events for: (a) ^^Ca; 
(b) ^^Ca; (c) ^^Ca; and (d) ^^Ca. Observed transitions are marked by their energy in keV. 
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parent half-life value was fixed at 30 ms, and two fixed values of the half-life of the ^^Ca were 
used: the 90-ms value deduced by Langevin et al. and the value of 230 ms deduced here. 
The parent activity was taken as a free parameter, and the daughter activity was determined 
as 40% of the parent activity, based on the measured delayed-neutron branching following 
/3 decay of this nuclide |122)] . The resulting fits are compared with the data in Fig. HI An 
regression analysis to check the goodness of fit produced values of 0.952 and 0.924 for the 
functions that used ^'^Ca half-life values of 90 ms and 230 ms, respectively. The difference 
in values between the two fits is not significant, if the errors in the half-life values of the 
parent (17%) and daughter (~ 20%) are considered. The longer half-life value deduced here 
for ^^Ca appears consistent with the /3-delayed neutron decay data obtained in the previous 
study of the A = 53 decay chain. 
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FIG. 4: (Color online) /5-delayed neutron decay after collection of ^^K taken from Ref. 
were fitted with two different half- life values of the daughter ^^Ca. Regression analysis results in 
values of 0.952 and 0.924 for the fits with ^^Ca half-life values of 90 ms and 230 ms, respectively. 



However, it should be acknowledged that we cannot rule out that the longer half-life 
measured here could result from the presence of a second /5-decaying state in ^^Ca. Isomeric 
J'^ = 9/2^ states are known in the neutron-rich ^"^Fess |28i] and ^^Cras 28, 29| isotopes. 
Both the magnetic dipole moment [30|] and electric quadrupole moment [SlJ suggest the 
9/2+ level in ^^Fe is characterized by a deformed potential. Although the neutron-rich Ti 
and Ca isotopes should show less deformed structures due to their proximity to the Z = 20 
shell closure, the possible influence of the i'gg/2 orbital on the low-energy structure of these 
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isotopes requires further investigation. 
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Ca 



No previous information on the half-hfe of ^^Ca was available. The deduced half-life, 
86 ± 7 ms, was obtained by fitting the fragment-/? decay curve in Fig. [2] to a function that 
included exponential decay of the parent and exponential growth and decay of the ^''Sc 
daughter (the constant background term was small and could be neglected). The ^''Sc half- 
life value was fixed at 360 ms [s^, while the parent half-life and activity values were free 
parameters. A single 7 ray with energy 246.9±0.4 keV has been assigned to the decay of ^^Ca 
based on the delayed 7-ray spectrum presented in Fig. [3](b). The decay curve constructed 
from ^^Ca-/3 correlations with an additional requirement of a coincidence with a 247-keV 7 
ray is given in Fig. O The fitted decay curve returns a half-life consistent with that deduced 
from the fragment-/? correlation data. 
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FIG. 5: (Color online) Decay curve for ^^Ca showing fragment-/? correlations with an additional 
requirement of a 247-keV 7 ray in coincidence. The data were fitted with a single exponential 
decay with fixed parent half-life (86 ms) and the initial activity as a free parameter. 

The absolute intensity of the 247-keV transition was determined to be (97 ±32)%, based 
on a Gaussian fit to the 7-ray peak in Fig. El^b), the measured peak efficiency curve for the 
16-detector 7-ray array, and the number of ^"^Ca implantations correlated with (3 decay (see 
Table [T]). The absolute intensity implies that a majority of the apparent f3 intensity from the 
decay of ^''Ca proceeds through an excited state depopulated by the 247-keV transition. This 
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transition is proposed to directly feed the ground state of ^^Sc. The new 247-keV excited 
state is tentatively assigned spin and parity 1+, based on selection rules for allowed /3 decay. 
The uncertainty in the spin and parity assignment for the 247-keV level arises from the large 
Q value associated with the ^^Ca (3 decay. The low statistics in the delayed 7-ray spectrum 
in Fig. El^b) cannot exclude the presence of higher energy, lower intensity transitions that 
may directly feed the level at 247 keV. The /3-decay sequence and known levels in ^^Sc are 



The excited state at 110 keV 



displayed in Fig. [61 The decay Q-value is taken from Ref. 
in ^'^Sc was identified as a /is isomer in studies by Grzywacz et al. 28|] and was reaffirmed in 
Ref. jssl. The spin and parity of the ^''Sc ground state was limited to (3,4)"'", based on the 
/3-decay feeding pattern to excited states in ^^Ti [11]. Placement of the 247-keV transition 
would preclude J'^ = 4"^" for the final state of this "prompt" 7-ray transition, therefore, spin 
and parity 3^ is proposed for the ground state of ^^Sc. The 247-keV transition is presumed 
to have E2 multipolarity, and the estimated half-life from Weisskopf estimates of 51 ns is 
consistent with the "prompt" nature of this transition. 

54Qg\^ Qp = 10.3±0.8MeV 
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T'y2 = 7±5 US 
T.„ = 360±60 ms 



FIG. 6: Low-energy level structure of ^^Sc and /3-decay scheme for the parent nuclide, ^^Ca. The 
energies of each state are given in keV. The level with energy 110 keV was previously identified 
as a microsecond isomer by Grzywacz et al. [28] and later confirmed by Liddick et al. 



3$. The 



110-keV 7-ray was not observed in the /3-decay study of ^^Ca presented here. 
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Ca and ^^Ca 



The only previous information regarding the isotopes ^^'^^Ca was their existence, estab 



2l| . In that study, six and three counts were 



lished from fission of relativistic ^ss^j jQj^g 
associated with the production of ^^Ca and ^^Ca, respectively. We have achieved sufficient 
statistics in the present study to deduce half- life values for ^^'^^Ca for the first time. The 
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fragment-/? decay curves were fitted to a function that included the exponential decay of the 
parent, the growth and decay of the daughter, and a linear background. 

For the ^^Ca decay curve in Fig. [2](c), the ^^Sc daughter half-life was fixed to a value 
83 ± 3 ms. This new half-life was obtained in the present work from the analysis of (3- 
decay events correlated with ^^Sc implantations shown in Fig. [71 and represents a significant 
improvement in precision with respect to previously reported values 27|, |32|. The parent 



^^Ca half-life, initial parent activity, and constant value for background were taken as free 
parameters. The grand-daughter ^^Ti has a known half-life of 1.3 ± 0.1 s 3J] and was not 



considered in the curve fitting function. The fit resulted in a half-life of 22 ± 2 ms for ^^Ca 
(see Fig. [2]), with a negligible background contribution. 
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FIG. 7: (Color online) Decay curve for (3 particles correlated with ^^Sc implantation events. The 
decay data were fitted to a function (solid black line) that considered the exponential decay of 
the ^^Sc parent (dotted line) and exponential growth and decay of the ^^Ti daughter (dashed line) 



with known half-life 1.3 ± 0.1 s 



A single 7-ray transition of energy 592 keV was evident in the /3-delayed 7-ray spectrum 
correlated with ^^Ca implantations shown in Fig. [31 This transition was previously assigned 



32| 



to the decay of the Sc daughter 

The fit to the ^^Ca decay curve in Fig. W^d) considered a fixed value of 35 ± 5 ms for the 
half-life of the ^^Sc daughter. There are, in fact, two /^-decaying states in ^^Sc [32]. Decay of 
the ^^Ca ground state, with presumed spin and parity O'^, would populate lower-spin states 
in the daughter nucleus. Therefore, the dominant decay constant to consider for fitting 
the ^^Ca decay curve is that associated with the low-spin (l"*") level in ^^Sc. The half-life 
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deduced for ^^Ca (3 decay was 11 ± 2 ms, about a factor of two shorter than that in the 
neighbor ^^Ca. No evidence was found for delayed 7-ray transitions correlated with ^^Ca 
decays. However, the small number of correlated decays (18 total decay events - see Table 
H]) combined with the measured 7-ray efficiency curve would preclude observation of more 
than one or two counts for 7 rays with energies at the maximum of the Ge array efficiency 
curve. 



DISCUSSION 



Structure of ^""Sc 

The j3 decay of ^"^Ca apparently proceeds to a single state in ^^Sc residing 247 keV above 
the ground state. This state has tentatively been assigned l"*" spin and parity. This new 
information for ^^Sc can be combined with previous knowledge on isomeric and (3 decay to 
better understand the coupling of valence protons and neutrons in this odd-odd nucleus. 



The known low-energy levels in ^^Sc in Fig. [8] are compared with results of shel 
calculations completed in the full p/-shell model basis with the interactions GXPFl 



model 
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35|, 



GXPFl A 36|, and KB3G [37|. The difference in calculated level orderings between the 
GXPFl and KB3G interactions can be related to the relative energies of the neutron single- 
particle /5/2 and pi/2 orbitals. The 3"^, 4+ doublet near the ground state in ^^Sc in the 
calculations with the GXPFl and GXPFIA interactions arises from the coupling of the i'Pi/2 
and 7r/7/2 orbitals. This configuration appears lowest in energy in ^''Sc since the effective 
single-particle energy of the vpi/2 orbital is below that of the Z//5/2 orbital with the GXPFl 
and GXPFIA interactions. The first l"*" level is attributed mainly to the coupling of the 1^/5/2 
and vr/7/2 single-particle orbitals. This level is at the ground state in the shell-model results 
with the KB3G interaction, as this interaction places the effective single-particle energy of 
the 1^^1/2 orbital above that of the Z//5/2 orbital. The position of the tentative 1"*" level at 
247 keV assigned in this work, relative to the (3)"*" ground state, is not well reproduced by 
either the KB3G, GXPFl, or GXPFIA interactions. 

The GXPFl interaction proved successful in reproducing the yrast structures of the 
Ti isotopes up to ^^Ti34, where the first excited 2+ state was found to have an energy of 
1129 keV [2^, nearly 400 keV below the GXPFl expectation. Modification of three two-body 
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to results of shell model calculations employing 
37l | effective interactions. 



pairing matrix elements associated with the f7/2, and pi/2 orbitals and two quadrupole- 
quadrupole interaction matrix elements coupling the /5/2 and pi/2 orbitals to J = 2 and 
J = 3 resulted in the GXPFIA interaction 36|. The shell model results with the GXPFIA 
interaction reproduced the low-energy yrast structure of ^^Ti jl^ better, while maintaining 
good agreement with the known level structures of the less neutron-rich Ti isotopes. As 
noted above, neither interaction does well in reproducing the position of the tentative l"*" 
state in ^^Sc at 247 keV, which should be dominated by the shell model configuration 
T^fy2^fl/2- The low energy of the (1)+ level relative to the proposed (3)^ ground state, with 
dominant configuration T!'fy2^f5/2y suggests that while the level ordering of the pi/2 and /5/2 
neutron single-particle orbitals in the GXPFl and GXPFIA interactions is likely correct, 
the effective energy spacing between the neutron pi/2 and /5/2 orbitals is overestimated or 
the interaction strength between 7cfy2 and iyf^/2 underestimated. 

Another outstanding question with regards to the low-energy structure of ^"^Sc is the 



15 



tentative spin-parity assignment for the isomeric state located 110 keV above the ground 



state. Grzywacz et al. |28| deduced E2 multipolarity for the 110 keV 7 ray, based on a 
comparison of the experimental half-life value (7± 5)/is with single-particle estimates. Ten- 
tative spin and parity 5+ was then assigned to the 110-keV excited state. In Ref. [32I, it was 
suggested that the E2 isomer may represent the decay of the first excited 1+ state, whose 
energy may be lower than predicted by the shell model calculations utilizing the GXPFl 
interaction. Indeed, the l^*" state is lower than predicted, tentatively established in ^^Sc at 
247 keV. Regardless of the interaction employed, the first excited 5"^ state, associated with 
the T^fy2^fl/2 configuration, is expected at an energy in excess of 1.5 MeV (see Fig. [HI). The 
shell model results all suggest a doublet of levels with J'^ = 3^,4"'" near the ^^Sc ground 
state. These two levels belong to the odd-odd 'n'fy2^Pi/2 niultiplet. The transition proba- 
bilities 5(M1;3+ 4+) and B{E2;3+ 4+) calculated with the GXPFl and GXPFIA 
interactions are listed in Table [Tll along with the calculated half-lives. The Ml strength 
dominates, but the calculated partial half-life was in the range of a few nanoseconds, much 
longer than the 9.3 ps half-life calculated from single-particle estimates. The Ml hindrance 
factor appears significant for this 7-ray transition. Therefore, the long (/is) half-life estab- 
lished for the isomeric transition in ^^Sc does not exclude possible 4"*" spin and parity for 
the first-excited state. 

TABLE II: Transition probabilities and partial half-lives for the 7-ray transition between the S"*" 
and 4+ members of the '^fy2'^Pi/2 ™ultiplet in ^^Sc. The experimental transition energy of 110 keV 
was used in the calculations. 

Multipolarity GXPFl GXPFIA Single-particle 

S(M1;3+ ^ 4+) 0.026 0.0037 

ri/2(Ml;3+ 4+) (s) 1.1 X 10-9 7.9 x lO'^ 9.3 x lO^^^ 

5(^2;3+ ^ 4+) (eVm^) 4-50 5.55 

Ti/2{E2;3+ 4+) (s) 5.7 x 10"^ 4.6 x 10"^ 2.9 x 10"^ 



An alternative scenario for the low-energy structure of ^^Sc is that the 3^ and 4+ states 
of the i'Pi/2 vr/7/2 multiplet are nearly degenerate in energy at the ground state. The close 
energy spacing between these states would preclude a 7-ray transition between them. The 
247-keV transition observed following the (3 decay of ^^Ca would then be an E2 transition 
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between the l"*" and S"*" levels, while the isomeric 110-keV 7 ray would also have E2 multi- 
polarity and would represent the transition between the 6"^ and 4"^ levels. Clearly, further 
studies will be required to provide additional insight into the low-energy structure of ^"^Sc. 



P decay half-lives of Ca isotopes 



Gross Theory 

Gross /3-decay theory provides a means for predicting /3-decay properties of nuclides far 
from the valley of stability. The /3-decay half-lives are inversely proportional to the Fermi 
function, and hence, the /3-decay Q value raised to the fifth power: T1/2 ~ Q/?^- In practice, 
half-life values calculated from gross theory are too long, as the decay strength to low-energy 



states is underestimated [38j. Tachibana et al. [39] extended traditional gross /5-decay theory 
to include a one-particle strength function for the Gamow- Teller decay. Pfeiffer, Kratz, and 
Moller [4^ took a more phenomenological approach to address missing (3 strength to low- 
energy states by relating the half-life and Q value in a manner similar to that employed by 



Kratz and Herrmann 



4l| to extract P„ values: 



Ti/2~ax(Q^-C)-^ (1) 

Here, a = 2740 s and b = 4.5 are taken as constants, and C is a cutoff energy related 
to the pairing gap in the daughter nucleus 42]. The results of the two extensions to gross 
theory for the neutron-rich Ca isotopes are compared with experiment in Fig. [91 The two 
approaches predict similar half-life values in the range ^^~^^Ca. The calculations compare 
favorably with the experimental half-lives of ^'^'^'^Ca. Both predict too long half-lives for the 
more neutron-rich ^^'^^Ca isotopes, a continuing issue with gross /3-decay theory, especially 
far from the valley of stability, where Qjs is large. The other apparent deficiency in the 
calculations occurs at ^^'^^Ca, as the calculated short half-lives do not consider the known 
subshell closure at = 32 for Ca. 
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FIG. 9: (Color online) Experimental half-life values of neutron-rich Ca isotopes (filled circles) 
compared with predictions of gross /3-decay theory extended by Tachibana et al. [39] and Pfeiffer 



et al. 



QRPA results and the fast (3 decays of 



54-56 



Ca 



Moller, Nix and Kratz 



43| compiled an extensive database of ground-state properties of 



nuclides across the nuclear chart, including ^decay properties. Nuclear deformations were 
based on the Finite- Range Droplet Model 4J|, and Gamow- Teller /3-decay rates were cal- 
culated in the framework of the quasi-particle Random Phase Approximation (QRPA). The 
half-lives from the QRPA calculations are compared with experiment for the neutron-rich 
Ca isotopes in Fig. [TOl Moller et al. 45] extended the QRPA compilations reported in Ref. 



43| to include first-forbidden (3 decays. Such decays should, in general, be more impor- 



tant for nuclides nearer stability, where Qp values are small. Comparison of the previously 
calculated half-lives of the neutron-rich Ca isotopes with this new approach showed little 
difference, therefore, only the QRPA results for the Gamow- Teller decay rates are given in 

The trend in calculated half-lives follows well the experimental values over the range 
50-56Qg^^ Again, the slow rate of the ^^Ca (3 decay is indicative of the subshell gap at 

= 32. The strong odd-even effect apparent in the QRPA calculations is not manifested 
in the experimental half-lives. Indeed, it is only in ^^Ca that a deviation occurs from the 
regularly decreasing half-lives in the Ca isotopes. That ^^Ca34 follows this regular behavior 
and shows a (relatively) fast (3 decay may indicate that an appreciable subshell gap at 
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Neutron Number 

FIG. 10: (Color online) Experimental half-life values of neutron-rich Ca isotopes (filled circles) 
compared with predictions of the QRPA compilation of Moller et al. [4^. 

= 34 has not developed for the Ca isotopes. 

The fast (3 decays observed experimentally in ^^'^^Ca reflect the spin-flip nature of these 
processes. The last neutron(s) in ^^Cass and ^^Case should occupy the /5/2 neutron orbital. 
P~ decay is expected to proceed as the spin-flip decay Z//5/2 7^/7/2- Such fast decays should 
have small log/t values, and the most prominent /5-decay branch should be to the ground 
state of the daughter. Expectations regarding the /5-decay branching in the neutron-rich Ca 
isotopes are discussed in the next section. 



Shell Model results with GXPFl 



The /3-decay properties o: 
effective interaction GXPFl 
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le ^^Ca isotopes were calculated with the shell model 



35| in the 



code. /?-decay Q values were taken from Ref. 



■ul 



pf model space with the CMICHSM |46| 



by a factor of 0.77, as explained in Ref. 



33| , and the Gamow- Teller rates were quenched 



371]. The calculated half-lives agree within a factor 



of two with experimental values as demonstrated in Fig. [TTl A summary of the shell model 
results is also given in Table lllli 

The [3 decay of ^^Ca from the presumed J'^ = 1/2^ ground state is predicted to feed 
the first excited 3/2^ state in ^^Sc with intensity 60% of the total feeding strength. The 
(3 strength to neutron unbound states is calculated to be 6%, which is smaller than that 
observed in Ref. 22|. The expected decay of ^^Ca is similar to that of ^^Ca. About 60% of 
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FIG. 11: (Color online) Experimental half-life values of neutron-rich Ca isotopes (filled circles) 
compared with results of shell model calculations in the full p/-model space with the GXPFl 
interaction. 



TABLE III: Shell model results with the effective interaction GXPFl for the /3-decay properties of 
54-56Qg^_ Experimental values were obtained in this work, unless otherwise indicated. 



Nuclide 






T^/f ■ (ms) 


pcalc. 


53 Ca 


1/2- 


264 


230 ± 60 


6 


s^Ca 


0+ 


41 


86 ±7 


6 


55 Ca 


5/2- 


11.7 


22 ±2 


4 


56 Ca 


0+ 


4.3 


11 ± 2 


2 



pexp. 
n 



40 ± 10 
< 32 



calc. g.s. Branch (%) 



92 
97 



''Ref. [22 1 



the calculated /?-decay strength is predicted to feed the first 1"*" state in ^^Sc, and the Pn 
value is also calculated to be 6%. The observed /5-decay strength from 5^Ca is apparently 
dominated by decay to the the 247-keV level in 5^ Sc. The absolute intensity of the 247-keV 
7-ray transition that depopulates this state is 97%, with no other peak (intensity threshold 
< 10% below 1 MeV) in the delayed 7-ray spectrum displayed in Fig. [3](b). However, as 
noted earlier, only tentative 1"*" spin and parity have been proposed for this 247-keV level, 
since the low statistics of the measurement does not rule out the presence of higher-energy 
7 rays feeding the 247-keV level from potential higher-lying 1"*" states. The shell model 
results with the GXPFl interaction support the notion that the primary branching in the f3 
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decay of Ca is to the first excited l"*" in ^'^Sc. Tlie experimental delayed-neutron branching 
reported in Table IIIII for ^^Ca is governed by the lower limit of the absolute intensity of the 
247-keV 7 ray. 

The /3-decay properties of ^^'^^Ca were found to be similar to the shell model results, as 
was the case with ^^'^^Ca. The decays are dominated by fast ground state to ground state 
transitions, which carry more than 90% of the /3-decay strength. Since only a small number of 
decays were detected for both ^^Ca and ^^Ca, there was little possibility to observe branching 
to excited states in the ^^Sc and ^^Sc daughters, respectively, that would lead to 7-ray or 
neutron emission. The short half-life values and large, direct ground-state (3 branching again 
reflect the dominance of the spin-flip 2^/5/2 '^f7/2 decay process in the shell model results. 
The good agreement between the experimental and shell model half-lives for ^^'^^Ca support 
the notion that the Z//5/2 orbital is near the Fermi surface for these nuclides with > 34. 

SUMMARY 

The /3-decay properties of the neutron-rich Ca isotopes have been extended to ^^Caag. 
The half-lives of ^^~^^Ca have been measured for the first time to be 86 ± 7 ms, 22 ± 2 ms, 
and 11 ±2 ms, respectively. A new half-life of 230 ±60 ms has been deduced for ^^Ca, a value 
longer than that reported previously. The trend of the /?-decay half-lives of the neutron-rich 
Ca isotopes shows a regular decrease except at ^^Ca32, which is attributed to the known 
subshell closure at = 32. The low-energy structure of ^^Sc, the /?-decay daughter of 
Get, llclS been elucidated further. The ground and first excited states most likely arise from 
coupling of the vr/7/2 and ^'Pi/2 orbitals, suggesting that the i^pi/2 single-particle orbital 
resides below the Z//5/2 state at A = 33. Such level ordering was also inferred from the 
low-energy structure of the A = 33 isotone ^^Ti [47]. The first 1"^ level in ^"^Sc has been 
proposed at an energy of 247 keV above the ground state. This tentative l"*" level is presumed 
to be a member of the — multiplet, and is nearly 800 keV lower than shell model 
predictions with the GXPFl and GXPFIA effective interactions. It seems that the effective 
energy gap between adjacent neutron single-particle orbitals /5/2 and pi/2 is overestimated 
or the interaction strength between the vr/7/2 and Z//5/2 orbitals is underestimated by the 
GXPFl interaction. The fast (3 decays of ^^'^^Ca agree within a factor of two with the shell 
model results, where the (3 strength is dominated by the Z//5/2 '^f7/2 spin-flip decay. The 
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shell model prediction for the half-hfe of ^ Ca is also within a factor of two of experiment. 
Such good agreement may initially invoke support for a shell closure at N — SA, since the 
GXPFl interaction includes a significant energy gap between adjacent single-particle orbitals 
Z//5/2 and z/pi/2- However, the ^^Ca half-life is also found to agree well with the predictions of 
gross P decay theory and the results of QRPA calculations, which do not formally consider a 
strong shell gap at = 34. Therefore, any interpretation regarding magicity at ^^Ca.u will 
require further experimental investigation. Exploring the /3-decay properties of heavier Ca 
isotopes towards ^°Ca will prove challenging due to low production cross sections. However, 
such studies are vital to better understand the evolution of neutron single-particle states 
with an increase in isospin and corresponding decrease in neutron separation energy. 
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